The choice of adequate controls for reverse transcriptase (RT-) PCR analysis has been the focus of a debate pursued in Leukemia over the past 3 years.
Introduction
Appropriate positive and negative controls are an integral part of any laboratory test. The use of RT-PCR assays has rapidly increased over the recent years, and the importance of the RT-PCR methodology both in research and diagnosis is documented by a large number of published studies relying on this technique. In general, the risk of false-positive results in PCR assays, most commonly resulting from contamination with amplified DNA products, is well appreciated by the investigators. The measures used to prevent contamination and to carefully monitor its occurrence by employing multiple negative controls 9 are emphasized in most papers. By contrast, the fact that false-negative results may present a problem in a highly sensitive technique such as RT-PCR seems to be recognized to a lesser extent. This might be an explanation for the apparent lack of judicious selection of positive controls in some studies. The stimulus for initiation of the current debate was provided by the relatively frequent observation of RT-PCR controls in published papers which many investigators would regard as illegitimate. It is probably for historical reasons resulting from Northern blot analysis that researchers are tempted to use amplification of beta-actin gene fragments as positive controls in RT-PCR assays. It is surprising, however, that despite several publications indicating that this gene is not suitable as a control in RT-PCR experiments, 3, [19] [20] [21] many investigators and even companies producing RT-PCR kits still rely on this housekeeping gene as a positive control. It has been claimed that under certain conditions beta-actin might nonetheless serve as a legitimate RT-PCR control. 4, 22 However, when a sufficiently large number of patients are tested, beta-actin primers and experimental conditions that seem to provide valid results in most assays may turn out to be inappropriate in some instances. 14 The remarkable adherence to the use of the beta-actin gene as a control 23 appears quite curious in view of the possible alternatives lacking the problems associated with the use of this gene in the RT-PCR setting.
The requirements for adequate positive controls in RT-PCR assays can be discussed on the basis of the postulate that they must provide information on the availability of sufficiently intact target RNA, and permit surveillance of the reverse transcription and PCR amplification steps.
General considerations

RNA integrity
Quantification of nucleic acid preparations is commonly carried out by densitometry. This measurement, however, yields no information on the integrity of purified RNA, and it is not possible therefore to reliably quantify the actual amount of RNA available for the subsequent RT and PCR steps. If degraded RNA is present in the sample analyzed, densitometric measurement will result in overestimation of the amount of amplifiable RNA. A number of investigators recommend testing of total RNA preparations by evaluating ribosomal bands upon electrophoresis in polyacrylamide or agarose gels. 6, 15 Comparison with appropriate standards representing defined amounts of RNA (eg 16S-and 23S-ribosomal RNA from E. coli MRE600, Roche Diagnostics, Penzberg, Germany) permits reliable estimation of intact RNA in the sample tested. Moreover, this assay shows the occurrence of RNA degradation, and may therefore help avoid further processing of inadequate RNA preparations.
In RT-PCR assays, the most common approach to the assessment of amplifiable template RNA/cDNA is the amplification of a control gene, usually a housekeeping gene with minimal tissue-and developmental stage-specific variations. 18 Due to the importance of selecting adequate genes as controls and the apparent difficulty in making appropriate choices, the main focus of this paper will be the discussion of critical issues pertaining to this problem.
RNA contamination with genomic DNA
Most of the methods currently used for isolation of RNA provide good quality RNA, but may contain variable amounts of genomic DNA (gDNA). Extraction of RNA by ultracentrifugation through a CsCl cushion yields pure RNA that is generally free of gDNA contamination, 6, 15 but this technique is rather laborious and its use may therefore be restricted to special applications. Since the measurement of RNA yield by densitometry does not provide any information on the presence of contaminating gDNA, the amount of RNA in the sample tested may be overestimated.
The problem of contamination with gDNA must also be considered when selecting controls expected to specifically assess the presence of amplifiable RNA. It has been demonstrated that traces of gDNA in completely degraded RNA preparations may lead to misinterpretation of the control experiment if the targeted gene does not permit distinction between gDNA-and RNA/cDNA-derived amplification products. 3, 24 Treatment of RNA extracts by ultraviolet irradiation 25 or by RNase-free DNase may be performed in attempts to overcome this problem. 4, 24 Contaminating gDNA, however, may not be completely eliminated, thus permitting the generation of PCR signals even in the absence of RNA. 26 Moreover, an adverse effect of the treatment on the RT-PCR yield cannot be excluded. 10, 13 In some instances the contamination of RNA preparations with gDNA may impair the sensitivity of RT-PCR assays. For example, the presence of gDNA has been reported to reduce the efficiency of ABL cDNA amplification, but not to the same extent as that of BCR-ABL. 16 Similarly, gDNA contamination was shown to interfere with the amplification of PML-RARa cDNA, but not with the normal RARa gene transcript. 16 Presence of gDNA in RNA preparations can be assessed, eg by control amplification of promoter elements which are not included in RNA transcripts 4 or by amplification of a control gene sequence across a small intron which will yield products of different size depending on whether gDNA or cDNA serve as template. 18 In assays in which the presence of DNA traces does not interfere with specific amplification of the RNA/cDNA target, it is only necessary to demonstrate the presence of amplifiable cDNA in the sample tested. This can be achieved by selection of an appropriate control gene sequence encompassing a large intron. If gDNA is present in the sample investigated, it will not lead to generation of a PCR product. It is necessary to ensure, however, that the control gene used has no pseudogenes in the human genome in which case gDNA and cDNA templates may give rise to similar-sized amplification products. Due to the risk of false-positive control experiments, a gene that has pseudogenes in the genome investigated should not be regarded as an adequate control in RT-PCR assays. Table 1 shows a number of genes frequently used as positive controls for amplifiable cDNA which should be avoided for this reason. For a number of other genes, the existence of pseudogenes is not known at present. Primers designed to specifically amplify mRNA of a given control gene should be tested against genomic DNA derived from the same source of cells to exclude the possibility of amplifying pseudogene sequences.
14 Moreover, controls in which the RT-step is omitted are essential to exclude the possibility of homologous gene amplification, 13 parti- cularly when testing new primer combinations for amplification of a control gene.
In various studies, housekeeping genes with well-documented existence of pseudogenes, such as ␤-actin (Table 1) , have been used as controls for RNA/cDNA integrity. This renders negative results of RT-PCR assays questionable, because it cannot be excluded that they were attributable to RNA degradation rather than to true absence of the target transcript in the sample investigated. For ␤-actin, primer combinations have been described which were claimed to be RNA-specific. 22 It has been shown, however, that such primers may nevertheless result in the generation of similar-sized PCR products from DNA template in some individuals or under certain experimental conditions.
14 Primer sets that do not amplify pseudogene sequences in most instances may therefore not be relied on as having absolute RNA/cDNA specificity. If for some reason, a gene with known existence of pseudogenes is selected as a control for RNA/cDNA integrity, and is tested by presumably RNA-specific primer combinations, parallel investigation of a DNA sample derived from the same patient should be performed.
RNA expression level
Suitable control genes should be expressed constitutively in a cell cycle-independent manner. It is obvious that the control gene used should not be expressed at a considerably higher level than the gene under investigation because in samples that are small or partially degraded, the amount of specific target sequences could be below the PCR detection limit, while the control gene might still show a positive amplification signal. This finding would suggest the presence of sufficient quantities of amplifiable RNA/cDNA, and could lead to false negative results. Some of the frequently used control genes such as ß-actin or GAPDH (Table 1 ) are expressed at a much higher level than most other genes, 19, 20, 26 and therefore do not provide useful controls in most instances regardless of the presence of pseudogenes. A higher expression level of the control gene could be compensated, at least in part, by amplifying the target gene over a greater number of PCR cycles. It appears more reasonable, however, to select a control gene with a level of expression lower or equal to the gene of interest. Several authors indicated that single-step amplification of the ABL or BCR genes provides a suitable control in a variety of diagnostic PCR assays. 16, 18, 20, 27 Both genes are ubiquitously expressed at a relatively low level and neither have pseudogenes.
RNA stability and controls in quantitative PCR analysis
For quantitative RT-PCR assays, additional aspects need to be considered in the choice of control genes: (1) the transcript level of the control gene should be fairly constant and must not be affected by the disease in question; 16 (2) the control gene should be assessed in a quantitative manner; 27, 28 and (3) the stability (degradation rate) of the control gene should correspond to that of the gene of interest. 11, 16 This is particularly relevant in quantitative analysis of samples which are transported to central referral laboratories and may be exposed to ambient temperature for several days during transfer. Stability of mRNA may also present a problem in samples which are frozen and stored for variable time periods prior to testing. 11 The requirements for control genes in quantitative PCR assays indicated above may be difficult to meet, particularly because transcript stability of potential control genes and many target genes of interest is not known. The recent introduction of real-time quantitative PCR (RQ-PCR) approaches has greatly facilitated quantification of mRNA transcripts, and will undoubtedly provide information on the over-time stability of many gene transcripts of interest. The current SANCO Concerted Action (RQ-PCR European Network for MRD Detection in Leukemia; Europe against Cancer Program; Ͻifrjr.nord.univ-mrs.fr/nord leukemiaϾ) will reveal information on the degradation rates of various leukemia-associated fusion gene transcripts and several potential control genes. The data expected to emanate from this international collaborative study may serve as a basis for selection of appropriate controls in expression assays relying on quantitative PCR.
Internal vs external controls
Commonly, the target and the control gene are tested in separate PCR reactions using cDNA aliquots from the same sample as the template. If tube-to-tube variability presents a problem in a given setting, 8 an internal control amplified in the same test tube is useful. To perform duplex or multiplex RT-PCR, the primers must be compatible and amplification products should be distinguishable in size if the subsequent analysis is performed using electrophoretic separation. 18, 29 Alternatively, the PCR products can be discriminated on the basis of different fluorescence signals. 30 Multiplexing of PCR reactions may, however, lead to decreased sensitivity of the assay. 18 A possibility to reduce this problem is the amplification of a target gene by single-tube two-round nested PCR 31 in combination with a single-round amplification of a control gene in the same test tube. This approach provides the advantages of having an internal control and a highly sensitive, two-step amplification of the specific target sequence without the need to open the tube between the two rounds of PCR, as a means of reducing the risk of contamination.
Limitations of control gene amplification
It is necessary to keep in mind that successful amplification of a control gene only provides indirect information on the integrity of the target sequence itself. As long as the expression level and the stability of control gene transcripts in relation to the target transcript of interest are not known, selection of an appropriate control gene is difficult. Clearly, a single control gene may not permit reliable assessment of integrity of all target sequences of interest. It may be helpful therefore to test the integrity of an RNA sample by employing multiple control genes. This approach would permit a more comprehensive control of RNA quality in the sample analyzed, and yield more reliable information on the integrity of the transcript of interest. This notion has provided the stimulus for the establishment of multiplex PCR assays permitting co-amplification of up to four differentially expressed control genes. 18, 29 The data available indicate that the ability of these tests to assess gradual differences in the quality of RNA/cDNA preparations provides a useful tool for determining the expected sensitivity of RT-PCR assays. 18 
Leukemia
Positive controls for the reverse transcription (RT) and PCR steps
In addition to using amplification of a ubiquitously expressed control gene, the RT step and PCR amplification of the target transcript under investigation are commonly controlled by parallel processing of an RNA specimen containing the message of interest. For investigation of leukemia-associated fusion gene transcripts, the control RNA is commonly derived from cell lines known to express the fusion message. It is necessary to keep in mind, however, that the level of expression may be greatly elevated in cell lines. Therefore, appropriate dilutions should be used in control experiments.
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Concluding remarks on positive controls in RT-PCR assays
Control gene selection
In view of the diversity of target genes investigated by RT-PCR analysis and the different requirements for control genes in each assay, it will not be possible to establish universally applicable controls. Rather, selection of appropriate control genes must be performed judiciously according to the properties of the targeted RNA. The need to consider a number of critical issues when selecting genes for control experiments in RT-PCR assays may be difficult to accomplish, particularly if little information is available on the expression level and the stability of the RNA under investigation. Integrity of the RNA transcript targeted cannot be assessed with absolute certainty from control experiments testing the integrity of other gene transcripts. Nevertheless, demonstration of amplifiable transcripts from one or more reference genes should be regarded as the minimum requirement for controls assessing the integrity of RNA in the sample under investigation.
The validity of RT-PCR results in which a control gene is used that has pseudogenes in the genome investigated, must be regarded as questionable. In view of the available alternatives, the remarkable perseverance in the use of these genes (Table 1 ) observed in the literature is quite surprising. 14, 23 Some of the commonly used control genes which apparently lack pseudogenes in the human genome, and which are currently employed in different laboratories performing PCR diagnosis of leukemia-associated gene rearrangements include the Abelson gene (ABL), the BCR gene, the porphobilinogen deaminase gene (PBGD) and the beta-2-microglobulin gene (␤2-MG). 7, 14, 16, 18, 29 In quantitative RT-PCR analysis of different targets, amplification of ABL or beta-2-microglobulin gene transcripts provided satisfactory controls. 16, 27, 28, 32 The results of the SANCO Concerted Action indicated above will provide information on expression levels and over-time stability of various candidate control genes, and will reveal optimal controls for quantitative RT-PCR assays. Table   ( logues and/or pseudogenes in the human genome, and should be stably and ubiquitously expressed at a level which does not significantly exceed the expression level of the gene being investigated. For PCR analysis of most leukemia-associated fusion gene transcripts, eg the ABL and BCR genes appear to meet these requirements. (6) When using control genes expressed at a considerably higher level than the gene under investigation, the control fragment should be amplified under conditions which will adequately compensate for the differences in the expression level: eg (a) appropriate dilution of template cDNA in the control experiment; (b) lower number of PCR cycles; or (c) single-round PCR when the target is amplified by two-round nested PCR. In assays for detection of most leukemia-associated fusion gene transcripts, this consideration applies to control genes such as PBGD or ␤2-MG. (7) The selection of primers for an appropriate control gene should either (a) prevent amplification of gDNA by spanning a large intron sequence; or (b) facilitate detection of contaminating gDNA in instances in which its presence may interfere with the results of the RT-PCR assay. Selection of primers spanning a short intron permits discrimination between PCR products resulting from gDNA and RNA/cDNA templates based on different-sized amplicons. (8) In quantitative RT-PCR assays, additional requirements for selection of appropriate control genes must be considered: the expression level of the control gene has to be constant in the cell type analyzed and should not be affected by the disease under investigation. Moreover, the control gene and the target transcripts should display similar stability (ie degradation rate). This is of particular importance in situations in which samples are transferred to distant laboratories for molecular analysis. In a number of published studies on quantitative RT-PCR analysis of fusion transcripts in leukemia patients, the use of ABL and ␤2-MG as control genes provided adequate results.
Synopsis of important considerations resulting from the Debate Round
